The rod and cone photoreceptors that mediate visual phototransduction in mammals are not required for light-induced circadian entrainment, negative masking of locomotor activity, suppression of pineal melatonin, or the pupillary light reflex. The photopigment melanopsin has recently been identified in intrinsically photosensitive retinal ganglion cells (RGCs) that project to the suprachiasmatic nucleus (SCN), intergeniculate leaflet (IGL), and olivary pretectal nucleus, suggesting that melanopsin might influence a variety of irradiance-driven responses. We have found novel projections from RGCs that express melanopsin mRNA to the ventral subparaventricular zone (vSPZ), a region involved in circadian regulation and negative masking, and the sleep-active ventrolateral preoptic nucleus (VLPO) and determined the subsets of melanopsin-expressing RGCs that project to the SCN, the pretectal area (PTA), and the IGL division of the lateral geniculate nucleus (LGN). Melanopsin was expressed in the majority of RGCs that project to the SCN, vSPZ, and VLPO and in a subpopulation of RGCs that innervate the PTA and the IGL but not in RGCs projecting to the dorsal LGN or superior colliculus. Two-thirds of RGCs containing melanopsin transcript projected to each of the SCN and contralateral PTA, and one-fifth projected to the ipsilateral IGL. Double-retrograde tracing from the SCN and PTA demonstrated a subpopulation of RGCs projecting to both sites, most of which contained melanopsin mRNA. Our results suggest that melanopsin expression defines a subset of RGCs that play a broad role in the regulation of nonvisual photoreception, providing collateralized projections that contribute to circadian entrainment, negative masking, the regulation of sleep-wake states, and the pupillary light reflex.
Introduction
Mammalian circadian rhythms are generated endogenously in the suprachiasmatic nucleus (SCN) in the anterior hypothalamus. The retinohypothalamic tract conveys photic information to the SCN, synchronizing the circadian pacemaker to the 24 hr solar cycle. Transgenic mice lacking rods and cones are functionally blind but retain the ability to entrain to an imposed light/dark cycle, suggesting that a nonvisual photic system is capable of mediating circadian entrainment . Recently, the novel photopigment melanopsin was discovered in the mammalian inner retina (Provencio et al., 2000 . We showed that most retinal ganglion cells (RGCs) that contain melanopsin mRNA project to the SCN (Gooley et al., 2001) . Conversely, most RGCs that project to the SCN also contain melanopsin transcript. The presence of melanopsin in RGCs that project to the SCN was independently demonstrated by Hannibal et al. (2002) , who showed that melanopsin is present in pituitary adenylate cyclase-activating polypeptide-containing RGCs, which contribute to the retinohypothalamic tract. Melanopsin is therefore a primary candidate photopigment for mediating the synchronization of endogenous circadian rhythms to the light/ dark cycle.
Remarkably, RGCs that contain melanopsin are directly photosensitive and depolarize in response to light Hattar et al., 2002) . In heterozygous mice with a targeted disruption of the melanopsin (Opn4 ) gene and an added tau-LacZ reporter gene, ␤-galactosidase activity was detected in axons projecting to the SCN, intergeniculate leaflet (IGL), and olivary pretectal nucleus (OPT) (Hattar et al., 2002) . These results suggest that melanopsin may be involved in both the regulation of circadian rhythms and pupillary light reflex. Recent studies in Opn4 Ϫ/Ϫ mice have shown that melanopsin is required for normal circadian phase resetting (Panda et al., 2002; Ruby et al., 2002) and pupillomotor constriction in response to bright light (Lucas et al., 2003) . However, these studies leave several important questions unanswered. The distribution and proportion of melanopsin-positive RGCs that project to each brain target remains unknown. In addition, nonclassical photoreceptors have been implicated in other light-mediated responses, such as the regulation of melatonin secretion, negative masking, and adaptation of the human primary cone visual pathway Lucas et al., 1999 Lucas et al., , 2001 Brainard et al., 2001; Mrosovsky et al., 2001; Thapan et al., 2001; Hankins and Lucas, 2002) . It is therefore possible that melanopsin influences a variety of irradiance-driven behaviors. However, it is not known whether melanopsin-containing RGCs project to other retinorecipient brain regions such as the subparaventricular zone (SPZ) (Levine et al., 1991) , which is implicated in negative masking (Kramer et al., 2001) , or the ventrolateral preoptic nucleus (VLPO), which is involved in sleep regulation (Sherin et al., 1996 (Sherin et al., , 1998 Lu et al., 1999 Lu et al., , 2000 Lu et al., , 2002 . Furthermore, it is not known whether the projections to the SCN, IGL, and pretectal area (PTA) are attributable to branching of axons from a single population of melanopsin-positive RGCs, or whether the different sites receive unique inputs.
To address these issues, we first used a novel method of tracing the projections of melanopsin-containing RGCs with recombinant adeno-associated virus containing a green fluorescent protein (GFP) reporter gene [rAAV-GFP (derived from AAV-2 serotype, with a constitutively active cytomegalovirus-␤-globin hybrid promoter) (Harvard Gene Therapy Initiative, Boston, MA)], which preferentially transduces melanopsin-containing RGCs. We then systematically injected retinal targets, including the SCN, ventral SPZ (vSPZ), VLPO, lateral geniculate nucleus (LGN), PTA, and superior colliculus (SC), with retrograde tracer and examined retrogradely labeled RGCs for melanopsin mRNA. Double-retrograde fluorescent labeling was used to detect axonal collateralization to the SCN and pretectal area.
Materials and Methods
Animals. Adult male Sprague Dawley rats (275-300 gm) (Harlan Sprague Dawley, Indianapolis, IA) were maintained in a 12:12 light/dark cycle with food and water provided ad libitum (lights on at 7:00 A.M.). All protocols were approved by the Institutional Animal Care and Use Committees of Beth Israel Deaconess Medical Center and Harvard Medical School.
Eye injections. To anterogradely label retinal efferents, cholera toxin B subunit (CTB; List Biologic, Campbell, CA) or rAAV-GFP was injected unilaterally or bilaterally into the vitreous body of the eye. Rats were anesthetized with 7% chloral hydrate (350 mg/kg, i.p.), and a micro knife (Xomed Surgical Products, Jacksonville, FL) was used to puncture the eye near the cornea-scleral junction. A 10 l Hamilton syringe was then inserted in the puncture hole and aimed behind the lens into the vitreous chamber, in which 5 l of 1% CTB or 4 l of rAAV-GFP (6.8 ϫ 10 9 viral particles) were injected. After the injection, the needle remained in the eye for 10 sec before being slowly withdrawn. For larger injections of rAAV-GFP, a posterior injection approach was used as described previously (Fischer et al., 2001) . Briefly, a midline incision was made in the scalp, and the skin was peeled back to expose the dorsal aspect of the eye. Part of the lacrimal gland and dorsal extraocular muscles were then surgically removed to allow direct access to the optic nerve head. A glass micropipette was used to puncture the cornea, and ϳ10 l of aqueous fluid were drawn from the anterior chamber. A second glass micropipette was then used to pierce the retina immediately dorsal to the optic disc, in which 10 l of rAAV-GFP (1.7 ϫ 10 10 viral particles) were injected into the vitreous body. Animals injected with CTB were individually housed for 1 week before being killed, and rAAV-GFP-injected rats were killed after 2-3 weeks.
Brain injections. To retrogradely label retinal projections to the brain, animals were anesthetized with 7% chloral hydrate (350 mg/kg, i.p.) and placed in a stereotaxis for surgery. After an incision of the scalp, a burr hole was made above the injection site. A glass micropipette containing either 5% FluoroGold (FG; Fluorochrome, Inc., Englewood, CO) or 1% CTB was lowered into the desired injection site. Tracer was injected using a compressed air delivery system as described previously (Elmquist and Saper, 1996) . The following coordinates in the anteroposterior (AP), dorsoventral (DV), and mediolateral (ML) axes relative to bregma were used (Paxinos and Watson, 1997) : SCN, Ϫ1.1 AP, Ϫ8.9 DV, 2.6 ML (injection was made at 16°from the vertical axis); vSPZ, Ϫ1.4 AP, Ϫ8.5 DV, 2.6 ML (injection was made at 16°from the vertical axis); VLPO, Ϫ0.4 AP, Ϫ8.2 DV, Ϫ0.9 ML; OPT, Ϫ4.8 AP, Ϫ4 DV, Ϫ1.2 ML; LGN, Ϫ4.5 AP, Ϫ4.1 DV, Ϫ3.6 ML; SC, Ϫ5.8 AP, Ϫ3.4 DV, Ϫ1 ML. Three nanoliters of FG were injected into the SCN or VLPO, 1.5 nl of a mixture of 12.5% biotinylated dextran amine (BDA) and 1% CTB were injected into the vSPZ, and 6 -9 nl of FG or CTB were injected into the OPT, LGN, or SC. In animals that received both tracers, FG and CTB were administered on the same side of the brain. After an injection, the micropipette was slowly withdrawn, and the surgical site was closed with sterile wound clips. Animals were then individually housed under the aforementioned controlled conditions for 1 week before being killed.
Perfusion and tissue preparation. Rats were deeply anesthetized with 7% chloral hydrate (500 mg/kg, i.p.) and transcardially perfused with 0.9% saline in 0.1% diethylpyrocarbonate-treated water (DEPC-H 2 O), followed by 10% neutral buffered formalin (500 ml). Eyes and brains were removed and postfixed in 10% formalin for 4 hr and then cryoprotected in 20% sucrose in DEPC-H 2 O. Coronal sections (40 m) through the injection site were cut on a freezing microtome and stored in 0.02% azide in PBS until mounted on slides or used for immunohistochemistry.
Immunohistochemistry. Immunohistochemistry was performed to verify the FG and CTB injection sites and label retinal projections to the brain in animals that received intravitreal injections of either CTB or rAAV-GFP. Free-floating brain sections were washed in PBS, treated with 0.3% hydrogen peroxide in PBT (0.25% Triton X-100 in PBS) for 30 min, and blocked in 1% bovine albumin in PBT (BSA-PBT) for 1 hr. After additional washes, sections were incubated overnight with primary antiserum [rabbit anti-FG, 1:20,000 (Chemicon, Temecula, CA); goat anti-CTB, 1:100,000 (List Biologic); rabbit anti-GFP, 1:20,000 (Molecular Probes, Eugene, OR)] in BSA-PBT. The following day, sections were washed in PBS and incubated for 1 hr in biotinylated secondary antiserum (1:1000; Jackson ImmunoResearch, West Grove, PA) in BSA-PBT. Tissue was washed again in PBS, incubated in ABC (1:1000; Vector Laboratories, Burlingame, CA) in PBS for 1 hr, and washed in PBS. Sections were then incubated in 0.06% 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) with 0.01% hydrogen peroxide in PBS for ϳ5 min, washed in PBS, and mounted on gelatin-coated glass slides. All incubations and washes were performed at room temperature. For some sections, the brown DAB reaction product was enhanced by the addition of 0.01% NiSO 4 and 0.05% CoCl to produce a black reaction product. For other sections, a silver intensification protocol was used to amplify the DAB reaction product as described previously (Kitt, 1988) . Briefly, sections were rehydrated in H 2 O and incubated at 56°C for 1 hr in a saturated solution of 1% silver nitrate neutralized with ammonium hydroxide. Sections were rinsed with H 2 O and incubated at room temperature for 10 min in 0.1% gold chloride. After another wash in H 2 O, sections were immersed in 5% sodium thiosulfate for 5 min at room temperature and rinsed in H 2 O for 20 min. For double labeling of CTB and vasoactive intestinal polypeptide (VIP), sections were immunohistochemically stained for CTB as described above using DAB with 0.01% NiSO 4 , 0.05% CoCl, and 0.02% H 2 O 2 in PBS to produce a black reaction product. After several washes in PBS, sections were incubated overnight in rabbit anti-VIP IgG (1:50,000; Chemicon) and were immunohistochemically stained as described previously with DAB to produce a brown reaction product. Finally, sections were counterstained, dehydrated in an ethanol series, cleared in xylenes, and coverslipped.
Fluorescence immunohistochemistry. After the verification of accurate brain injections, eyes were cut into 20 -25 m sections on a cryostat and mounted on superfrost slides (Fisher Scientific, Pittsburgh, PA). Sections were rinsed with 0.1% DEPC-treated PBS (DEPC-PBS) and blocked in BSA-PBT for 1 hr. Tissue was then incubated overnight in primary antiserum [FG, 1:3000; CTB, 1:20,000; melanopsin, 1:500 (generous gift from Dr. King-Wai Yau, John Hopkins University School of Medicine, Baltimore, MD)] in BSA-PBT. The following day, sections were rinsed in PBT and incubated for 1 hr in biotinylated secondary antiserum (1:1000; Jackson ImmunoResearch) in BSA-PBT. After a rinse in DEPC-PBS, sections were incubated for 1 hr in Cy3-conjugated streptavidin (1:1000; Jackson ImmunoResearch) in DEPC-PBS. After a final wash in DEPC-PBS, sections were air-dried and stored at 4°C until additional processing. For double labeling of FG and CTB, sections were incubated overnight with rabbit anti-FG antibody and goat anti-CTB IgG in BSA-PBT (FG, 1:3000; CTB, 1:20,000). The following day, sections were rinsed with DEPC-PBS, followed by a 1 hr incubation with Cy3-conjugated donkey anti-rabbit IgG (1:1000; Jackson ImmunoResearch) and biotin-ylated donkey anti-goat antiserum (1:1000; Jackson ImmunoResearch) in BSA-PBT. Sections were then washed in PBS and incubated for 1 hr in Alexa-Fluor 488-conjugated streptavidin (1:1000; Molecular Probes) in DEPC-PBS. For double labeling of GFP and melanopsin, sections were incubated overnight with goat anti-GFP antibody and rabbit antimelanopsin IgG in PBT [GFP, 1:3000 (Rockland Immunochemicals, Gilbertsville, PA); melanopsin, 1:500 (Dr. King Wai-Yau)]. The following day, sections were washed in PBS and incubated for 1 hr with Alexa-Fluor 488-conjugated donkey anti-goat IgG (1:500; Molecular Probes) and biotinylated donkey anti-rabbit antiserum (1:500; Jackson ImmunoResearch) in PBT. Sections were then washed in PBS and incubated for 1 hr in Cy3-conjugated streptavidin in PBS. All incubations and washes were performed at room temperature. For control sections, primary antiserum was omitted.
In situ hybridization. A plasmid containing a 957 bp mouse melanopsin cDNA fragment was used to generate 35 S-labeled (NEN, Boston, MA) antisense or sense control riboprobes as described previously (Provencio et al., 2000) . Immunohistochemically stained eye sections were postfixed in 4% formalin for 20 min at 4°C. Tissue was then dehydrated by a graded alcohol series, delipidated in xylenes, and rehydrated. Sections were immersed in sodium citrate buffer, pH 6.0, and heated until nearly boiling for 10 min. Afterward, tissue was dehydrated by a graded alcohol series and allowed to dry. Antisense or sense riboprobes (10 6 cpm) were added to hybridization buffer [1.2 M NaCl, 20 mM Tris, pH 7.5, 2 mM EDTA, pH 8.0, 0.02% sheared ssDNA (Sigma), 0.02% yeast tRNA (Invitrogen, Grand Island, NY), 0.1% total yeast RNA (Sigma), 2ϫ Denhardt's solution, 20% dextran sulfate in sterile H 2 O]. The hybridization mixture was heat denatured at 90°C for 5 min and cooled on ice for an additional 5 min. Each slide was covered with 120 l of hybridization mixture, coverslipped, and incubated overnight at 57°C. The following day, coverslips were removed in 2ϫ SSC. Sections were then treated with 0.02% RNase A in RNase buffer for 30 min at 37°C, followed by an incubation in RNase buffer for 30 min at room temperature. Sections were then submitted to high-stringency washes in 2ϫ SSC for 1 hr at 50°C, 0.2ϫ SSC for 1 hr at 55°C, and 0.2ϫ SSC for 1 hr at 60°C, followed by rapid dehydration in 0.3 M ammonium acetate in a graded alcohol series. The tissue was air-dried, dipped in NTB-2 emulsion, and developed using Kodak (Rochester, NY) Dektol developer after a 2 week incubation at 4°C.
Cell counting in the retina. Because retinal efferents predominantly innervate the contralateral side of the brain, FG-and/or CTBimmunoreactive RGCs and melanopsin mRNA-positive cells were examined in the eye contralateral to the injection site. For SCN-and IGLinjected animals, the ipsilateral eye was also examined, because each SCN and IGL receives nearly equal bilateral input from each retina. In each SCN-injected animal (n ϭ 4), five evenly spaced sections (320 m apart) through the midpoint of the globe were used for the data analysis. In each section, all retrogradely labeled RGCs were counted. Because of the paucity of retinal projections to the VLPO, retrogradely labeled RGCs were counted in every section through the globe for VLPO-injected animals. Similarly, because afferents to the vSPZ from the retina are sparse, every other section through the eye was analyzed. In PTA-injected (n ϭ 4), LGN-injected (n ϭ 5), SC-injected (n ϭ 3), and SCN-PTA doubleinjected (n ϭ 4) animals, five evenly spaced sections (600 -900 m apart) were examined. RGCs were considered positive for melanopsin mRNA if they contained at least three times the number of silver grains per unit area as the background of the retinal ganglion cell layer.
To correct for the overestimation of retrogradely labeled cells that results from simple profile-based counts, cell numbers were adjusted using the Abercrombie (1946) method. Final cell number estimates were determined by the formula N ϭ n[T/(T ϩ H )], where N is the adjusted cell number, n is the observed profile-based count, T is the mean tissue thickness, and H is the mean height of the soma (Geuna, 2000) . On the basis of the assumption that RGC cell bodies are approximately spherical, H was measured parallel to the plane of the section. The SEM was calculated for all cell counts. Stereological sampling was not practical both because retrogradely labeled neurons from some sites were rare, and in situ labeling is not uniform through the depth of a section.
Analysis. In animals that received injections of CTB in the eyes, brains were stained immunohistochemically (as described previously) to label the retinal efferents. Selected retinorecipient areas of the brain were mapped and drawn using a light microscope with a camera lucida attachment (Leitz, Wetzlar, Germany). Each injection site was similarly drawn and then summarized as a template. Drawings were scanned and digitized and then redrawn using Canvas software (Deneba Systems, Miami, FL). Photomicrographs were taken with a color digital camera (Kodak DCS460), and images were adjusted for contrast, brightness, and sharpness using Adobe Photoshop (Adobe Systems, Mountain View, CA). Retrogradely labeled RGCs were counted using an epifluorescence microscope with a 20ϫ objective, and melanopsin mRNA-positive cells were viewed under dark-field illumination.
Results

Anterograde tracing of projections of melanopsin-containing
RGCs by using rAAV-GFP Previous studies have shown that intravitreal injection of rAAV results in the transduction of RGCs (Grant et al., 1997; Ali et al., 1998; Dreyer et al., 1999; Dudus et al., 1999; Guy et al., 1999; Auricchio et al., 2001; Liang et al., 2001; Harvey et al., 2002; Martin et al., 2002) . Because GFP robustly labels cell bodies, axons, and axonal terminals, rAAV-GFP has been used to trace retinofugal projections anterogradely (Dudus et al., 1999) . While testing the efficacy of rAAV-GFP to transduce RGCs and trace RGC projections, we fortuitously discovered that GFP was preferentially expressed in RGCs that contain melanopsin ( Fig.  1 A, B ). Similar to previous findings (Dudus et al., 1999) , in animals that we injected with large amounts of rAAV-GFP (n ϭ 13; 10 l; 1.7 ϫ 10 10 viral particles), GFP-immunoreactive axon terminals were found in all retinorecipient targets including the dorsal lateral geniculate (DLG) and ventral lateral geniculate (VLG) nuclei, the SC, and the SCN. However, we found that in animals injected with smaller amounts of rAAV-GFP (n ϭ 9; 4 l; 6.8 ϫ 10 9 viral particles), GFP-immunoreactive axon terminals were found predominantly in the SCN, IGL, and OPT, which correspond to brain regions that receive input from melanopsincontaining RGCs (Hattar et al., 2002) . For example, in animal 2472 ( Fig. 1) , 81.4% of GFP-immunoreactive RGCs were also melanopsin-immunoreactive, whereas 46.9% of melanopsincontaining cells contained GFP. A similar pattern of labeling was observed in animals 2716, 2729, and 2730, in which 78.9, 61.4, and 68.5% of GFP-immunoreactive cells contained melanopsin, and 47.1, 40.1, and 34.3% of melanopsin-immunoreactive RGCs expressed GFP. As expected, the most intense sites of innervation by GFP-labeled axons were the SCN, OPT, and IGL ( Fig. 1 D, 
J,L).
In comparison, the DLG, VLG, and SC, which are innervated by the retina at least as heavily as the IGL in cholera toxin (␤ subunit) experiments ( Fig. 1 K, M ) , each showed relatively sparse innervation by GFP-immunoreactive neurons ( Fig. 1 L, N ) . However, GFP-immunoreactive axons in the VLPO and vSPZ (see description below) were nearly as dense as those seen after CTB injections into the vitreous body ( Fig. 1 E--H ) , suggesting that many of these inputs also arise from melanopsin-expressing RGCs. GFP-containing RGCs projected bilaterally and approximately equally to the SCN (Fig. 1 D) but projected predominantly to the contralateral vSPZ, VLPO, and OPT. Although the projection from GFP-producing RGCs to the rostral and midportion of the IGL appeared to be equal and bilateral, the projection to the caudal IGL, located lateral and ventral to the medial geniculate nucleus, was predominantly contralateral.
It is possible that GFP-positive projections to any one of these sites might be predominantly from the ϳ20 -30% of RGCs that are transduced but are melanopsin-negative. However, anterograde tracing using rAAV-GFP primarily indicates inputs to sites that register irradiance, including the SCN, vSPZ, VLPO, OPT, and IGL, the expected terminal fields of melanopsin-positive RGCs.
Most retinal ganglion cells that project to the SCN, vSPZ, or VLPO express melanopsin
To determine whether melanopsin is expressed in subpopulations of RGCs that project to various retinorecipient areas of the brain, FG and/or CTB were injected into the brain to label RGCs retrogradely. Immunocytochemistry was performed for the retrograde tracers, followed by in situ hybridization for melanopsin mRNA. The projections of melanopsin mRNA-containing RGCs were also characterized by performing cell counts, and these data are summarized in Table 1 .
SCN
The SCN is located in the anterior hypothalamus, just lateral to the third ventricle and immediately dorsal to the optic chiasm. In more caudal sections, the retinorecipient ventrolateral SCN extends dorsally and separates from the optic chiasm. Although the ventrolateral SCN is most heavily innervated by RGC fibers, RGCs also project to the dorsomedial SCN and vSPZ (see below), which are located just dorsal to the retinorecipient core of the ventrolateral SCN. In four animals, FG injections included the SCN and avoided the optic chiasm (Fig. 2 A--D) . Although the injection sites were centered in the SCN, the full extent of the tracer diffusion radius encroached on the rostral portion of the vSPZ. Therefore, a small percentage of retrogradely labeled RGCs likely reflects retinal projections to the vSPZ. Because the numbers of retinal axons that innervate the SCN far outnumber those that project to the vSPZ (in animals intravitreally injected with CTB or rAAV-GFP), and the projection to the vSPZ is predominantly contralateral, we can be confident that the observed pattern of retrogradely labeled RGCs, especially on the ipsilateral side, primarily reflects the subset of retinal efferents that innervate the SCN (compare vSPZ results below). In the eye contralateral to the injection site, 68.1 Ϯ 5.7% (SEM) of FGimmunoreactive cells (Fig. 2 E) were also positive for melanopsin transcript [n ϭ 4; 7.4 Ϯ 0.86 double-labeled RGCs per section (DL/S)] (Fig. 2 F) . Conversely, 73.7 Ϯ 3% of RGCs that expressed melanopsin were also retrogradely labeled. Similar results were observed in the eye ipsilateral to the injection site, in which 72 Ϯ 5.8% of retrogradely labeled RGCs contained melanopsin mRNA and 70.2 Ϯ 7.1% of melanopsin mRNA-containing RGCs were FG immunoreactive (n ϭ 4; 8.2 Ϯ 1 DL/S), suggesting that many individual melanopsin-expressing RGCs project to the SCN on both sides of the brain.
vSPZ
The SPZ was first defined by Watts et al. (1987) as the area dorsal and caudal to the SCN that contains the majority of SCN efferents (for review, see Watts, 1991) . Lu et al. (2001) have further subdivided the SPZ into ventral and dorsal components on the basis of their differential role in regulating the output of circadian rhythms. The SPZ is defined by the dense column of dorsocau- dally directed fibers that leave the dorsal margin of the SCN (at the level of the vSPZ) and then continue dorsally and caudally into the region ventral to the paraventricular nucleus (dorsal SPZ). As defined by Lu et al. (2001) , the vSPZ includes the region of SCN terminals in the medial part of the anterior hypothalamic area for ϳ1 mm immediately dorsal and caudal to the SCN. Previous studies have described retinal projections to the peri-SCN and/or SPZ in rats (Johnson et al., 1988; Levine et al., 1991) , but immunohistochemical markers have not been used to establish firmly whether the newly defined vSPZ receives direct retinal input. Because VIP-containing neurons, the cell bodies of which are predominantly found in the ventrolateral SCN, project heavily to the SPZ, the vSPZ can be demonstrated by a column of VIP-immunoreactive axons leaving the dorsal margin of the SCN. To examine the projection of RGCs to the vSPZ, we combined immunocytochemistry for anterogradely transported CTB from the retina with immunohistochemical staining for VIP. RGC terminals overlapped extensively with the field of VIPimmunoreactive axons in the contralateral vSPZ but only lightly in the ipsilateral vSPZ (Fig. 3A) . This overlap was strongest in the ventral part of the vSPZ, in which VIP-immunoreactive terminals leave the dorsal margin of the SCN. We do not believe that this represents a retinal projection to SCN cells that are displaced dorsally into the vSPZ, because the retinal projection remains quite substantial far beyond the borders of the SCN (Fig. 3A) . In addition, the SCN is uniquely resistant to injury by injections of ibotenic acid, which destroys all neuronal cell bodies in the vSPZ ). However, without performing electron microscopy, we cannot exclude the possibility that retinal terminals in the vSPZ contact VIP-immunoreactive axons of SCN efferents. Nonetheless, the retinal projection to the vSPZ is well positioned to modify output from the circadian pacemaker.
Having shown that a subset of RGCs projects to the vSPZ, we examined whether these neurons also contain melanopsin mRNA. In three animals, CTB was injected into the vSPZ just dorsal to the caudal retinorecipient region of the SCN (Fig. 3B) . Because the densest projection from the SCN terminates in the SPZ, retrogradely labeled cells were observed in the SCN just ventral to the injection site (Fig. 3C) . In two animals (2548 and 2550), the injections completely excluded the SCN, and in one other animal, the ventral extent of the injection site encroached on the dorsal border of the SCN (2567). However, the number and pattern of retrogradely labeled RGCs that resulted from injection 2567 were essentially identical to the former injections and not SCN injections (Table 1) and were therefore included in the analysis. Similar to most other retinal projections (and distinct from the SCN), the majority of RGCs that project to the vSPZ were found to originate in the contralateral eye. In animals 2548, 2550, and 2567, 71.3, 75.9, and 93.5% of retrogradely labeled RGCs originated in the eye contralateral to the injection (mean, 80.2 Ϯ 6.8%). This contrasts markedly with our SCN injections, in which 49.2 Ϯ 3.4% of all retrogradely labeled RGCs were located in the contralateral eye. Consistent with these findings and previous reports by Levine et al. (1991) , anterograde tracing of retinal efferents using CTB or rAAV-GFP revealed a predominant contralateral projection to the peri-SCN including the vSPZ (Fig. 1 E, F ) but approximately equal and bilateral input to the SCN (Fig. 1C,D) . To further verify that our SPZ injections did not include the SCN, we examined retrogradely labeled neurons in the dorsal and median raphe nuclei. Previous studies indicate that the lateral cell groups of the dorsal raphe project differentially to the peri-SCN, including the vSPZ, but send relatively fewer axons to the SCN (Moga and Moore, 1997 ). In contrast, the median raphe projects primarily to the retinorecipient ventrolateral SCN but sends smaller numbers of axons to the peri-SCN. In our SPZ-injected animals, 86.4% of retrogradely labeled neurons in the dorsal raphe nucleus were found in the lateral cell groups, and the mean number of CTB-immunoreactive cells per section in the dorsal raphe (range, 0 -10 labeled cells per section) was 4.7 times greater than in the median raphe (range, 0 -3). In addition, the mean number of retrogradely labeled neurons per section was 6.1 times greater in the median raphe of SCN-injected animals (range, 0 -15) compared with vSPZinjected animals, indicating a pattern of afferent input consistent with the vSPZ but not the SCN. Similarly, in the IGL ipsilateral to the injection site, the mean number of retrogradely labeled neurons per section was 5.6 times greater in SCN-injected animals (range, 13-49 per section) compared with vSPZ-injected animals (range, 1-16 per section). These data are consistent with anterograde tracing from the IGL to the SCN and peri-SCN, demonstrating that the ventrolateral subdivision of the SCN is most heavily innervated by IGL efferents, and regions dorsal and lateral to the SCN receive considerably fewer afferents from the IGL (Watts, 1991; Moga and Moore, 1997; Moore et al., 2000) . In animals that received CTB injections into the vSPZ, 73.9 Ϯ 8.6% of retrogradely labeled RGCs (Fig. 3D ) also contained melanopsin mRNA (n ϭ 4; 0.14 Ϯ 0.04 DL/S) (Fig. 3E) . Conversely, 1.68 Ϯ 0.57% of RGCs that contained melanopsin transcript also contained retrogradely transported tracer.
VLPO
The VLPO cluster in the preoptic area is located just lateral to the optic chiasm and rostral to the bulk of the SCN. The densest projection from the retina to the VLPO terminates in the VLPO cluster (Fig. 1G ), but RGC varicosities are also present in the extended VLPO, located dorsomedial to the VLPO cluster (Lu et al., 1999 . These findings were replicated in our rAAV-GFP experiments ( Fig. 1 H) , suggesting that most of the VLPO projection comes from melanopsin-positive RGCs. Three animals received injections of FG that included both the VLPO cluster and extended VLPO and avoided the optic chiasm (Fig. 4 A--D) . Consistent with previous findings, a sparse cohort of predominantly contralateral RGCs (mean, 80.1 Ϯ 4.3% of all retrogradely labeled RGCs originated in the contralateral eye) was retrogradely labeled from the VLPO (Lu et al., 1999) , in which 63.8 Ϯ 6.8% of retrogradely labeled RGCs (Fig. 4 E) also expressed melanopsin (n ϭ 3; 0.07 Ϯ 0.01 DL/S) (Fig. 4 F) . Conversely, 0.60 Ϯ 0.04% of melanopsin mRNA-containing RGCs were also positive for retrograde tracer.
A subpopulation of retinal ganglion cells that innervate the PTA or LGN express melanopsin
PTA
The PTA includes the medial, anterior, and posterior pretectal nuclei, as well as the OPT, the nucleus of the posterior commis- sure, and the nucleus of the optic tract. In the rostral-caudal axis, the pretectal nuclei extend caudally from the rostral-most level of the posterior commissure to the rostral edge of the superior colliculus and mediolaterally from the pineal recess to the lateral posterior thalamic nucleus, posterior limitans thalamic nucleus, and medial geniculate nucleus. The OPT, which is thought to mediate pupillary light responses, is an approximately cigarshaped structure that borders several other pretectal nuclei, which are also densely innervated by retinal efferents (determined by intravitreal injection of CTB) (Figs. 1 I, 5A--C) . However, after intravitreal injection of rAAV-GFP, anterogradely labeled terminals selectively outlined the OPT (Fig. 1 J) . In four animals, injections of FG were made into the PTA that included the OPT (Fig. 5A--D) . The distribution of retrogradely labeled RGCs was consistent with previous findings, with ϳ95% of all retrogradely labeled RGCs in the contralateral eye (Young and Lund, 1998) . RGCs projecting to the PTA were unevenly distributed across the retina, such that the majority of retrogradely labeled cells were loosely clustered within one hemisphere of the globe. This is consistent with previous reports indicating that the majority of RGCs projecting to the PTA are located in the inferior and nasal quadrants, and few RGCs are located in the dorsal hemiretina (Young and Lund, 1998) . In the eye contralateral to the injection site, 11.3 Ϯ 2.5% of retrogradely labeled RGCs (Fig. 5E) were also positive for melanopsin transcript (n ϭ 4; 6.2 Ϯ 1.2 DL/S) (Fig. 5F ) . Conversely, 66.1 Ϯ 6.8% of melanopsin mRNA-positive RGCs were FG-immunoreactive. Because the brachium of the SC contains fibers that innervate the SC, and the brachium is located just dorsal to the pretectal nuclei, it was necessary to exclude the possibility that melanopsin mRNA-positive, FGimmunoreactive RGCs project to the SC. Three animals received injections of FG into the SC. As expected, the distribution of retrogradely labeled RGCs differed from that observed for PTA-injected animals. The majority of FG-immunoreactive RGCs were densely clustered in a subsection of the ganglion cell layer, reflecting the retinotopic organization of SC afferents from the retina. Although the density of retrogradely labeled RGCs made it difficult to exclude in all cases that specific retrogradely labeled RGCs were overlaid by some silver grains from an overlying melanopsin mRNA-positive cell, we were unable to find any cases in which a cell body outlined by melanopsin mRNA silver grains was clearly matched by a retrogradely labeled cell body. Similarly, in sections that were immunohistochemically stained for melanopsin, melanopsin-immunoreactive RGCs did not contain retrogradely transported FG. After rAAV-GFP injection into the eye, we found relatively few GFP-positive axons in the SC (Fig. 1N) . It is therefore unlikely that FG labeling of melanopsin-positive RGCs observed in animals that received pretectal injections was attributable to involvement of the few axons from melanopsin-containing RGCs passing through to the SC.
LGN The LGN of the thalamus consists of three major subdivisions that receive input from RGCs. The DLG and VLG subdivisions are large areas that are separated by a thin cellular layer, the IGL. After injections of rAAV-GFP into the eye, GFP-immunoreactive terminals densely innervated the IGL but were sparse in the DLG or VLG, indicating that melanopsin-containing RGCs primarily project to the IGL subdivision of the LGN (Fig. 1 L) . Five animals received a large injection of FG into the center of the DLG. In two animals, injections were confined to the DLG and did not retrogradely label neurons in the contralateral IGL; in three animals the injection site included the IGL and the dorsal edge of the VLG, resulting in retrogradely labeled cells in the contralateral IGL (Fig. 6 A, B) . Because nearly all DLG and VLG afferents from the retina are contralateral (Ͼ95%), and RGCs from each eye project bilaterally and equally to the rostral and midportion level of each IGL, we examined retrogradely labeled RGCs in the ipsilateral eye, which likely primarily reflect RGCs that project to the IGL. However, we cannot exclude the possibility that a small minority of retrogradely labeled RGCs project to the DLG or the dorsal edge of the VLG. In the eye ipsilateral to the injection site, FGimmunoreactive RGCs were typically localized to a small subsection of the retina, and injections that were confined to the DLG (n ϭ 2) did not retrogradely label RGCs that expressed melanopsin. However, for injections that included the IGL (Fig. 6 A, B) , 29.6 Ϯ 5% of retrogradely labeled RGCs (Fig. 6C ) also expressed melanopsin (n ϭ 3; 2.1 Ϯ 0.33 DL/S) (Fig. 6 D) . Conversely, 17.6 Ϯ 0.68% of RGCs that contained melanopsin transcript were also FG immunoreactive. Thus, the RGCs that project to the DLG subdivision of the LGN do not contain melanopsin, but a substantial proportion of RGCs that do contain melanopsin innervate the IGL.
A subpopulation of retinal ganglion cells that express melanopsin projects to both the SCN and PTA Having shown that the majority of RGCs that express melanopsin project to the SCN, and the majority of melanopsin mRNAcontaining RGCs also innervate the PTA, we examined to what extent these two projections arise as branched collaterals from the same population of RGCs. FG and CTB were injected into the ipsilateral SCN (Fig. 7A--C,G) and PTA (Fig. 7D--F, H ) , respectively, to retrogradely label the corresponding subpopulations of RGCs that project to these brain regions. In case 2512, the FG injection was completely confined to the SCN and peri-SCN region (including part of the vSPZ) and avoided the optic chiasm. In the eye contralateral to the injections in case 2512, we found that 28.6% of retrogradely labeled RGCs from the SCN were also CTB immunoreactive, demonstrating that a subpopulation of RGCs sends axons that bifurcate and project to both the SCN and OPT (5.3 Ϯ 1.8 DL/S). Conversely, 28.9% of retrogradely labeled RGCs from the PTA were immunoreactive for retrogradely transported FG from the SCN. Having shown that a subset of RGCs sends bifurcating axons to the SCN and PTA, we examined these double-labeled cells for melanopsin transcript. In case 2512, we observed that 37.5% of FG-and CTB-immunoreactive RGCs contained melanopsin transcript, and 16.1% of RGCs that contained melanopsin mRNA were positive for both neuronal tracers (1.2 triple-labeled RGCs per section).
In animals 2527, 2535, and 2537, injections were primarily confined to the SCN and peri-SCN, but the ventral-most extent of the tracer diffusion radius did encroach on the dorsal border of the optic chiasm (Fig. 7A--C) . Because the number of FGimmunoreactive RGCs was larger in these cases (indicating some uptake by the optic nerve fibers in the optic chiasm), the percentage of FG-positive RGCs that also contained CTB (13.4 Ϯ 1.4%) was smaller than in case 2512 (28.6%), in which the optic chiasm was not involved, suggesting that approximately half of the FGlabeled RGCs in these cases were attributable to uptake in the optic chiasm. As a consequence, the percentage of doubly retrogradely labeled cells that contained melanopsin mRNA was nearly twice (62.5 Ϯ 10.7%) that in case 2512 (37.5%), and the percentage of melanopsin-positive RGCs that contained both tracers was also ϳ60% higher (26.2 Ϯ 7.9%) than in case 2512 (16.1%). Allowing for this excess labeling, these results confirm the observations in case 2512 that ϳ40% of the RGCs that project to both the SCN and OPT also express melanopsin mRNA, and ϳ20% of the RGCs that contain melanopsin project to both sites.
Discussion
In this study, we have explored the range of projections from melanopsin-containing RGCs to different retinorecipient brain targets. Our findings demonstrate that melanopsin mRNA-containing RGCs project extensively to sites that register irradiance, including the SCN, vSPZ, VLPO, PTA, and the IGL subdivision of the LGN. However, sites that participate primarily in pattern vision, such as the DLG and SC, receive few inputs from the population of RGCs that express melanopsin. In fact, the majority of melanopsincontaining RGCs project to each of the SCN and contralateral PTA, and nearly 20% project to the ipsilateral IGL. This observation suggests that individual melanopsin-containing RGCs send axon collaterals to multiple targets, and we found that ϳ20% of RGCs that express melanopsin project to both the SCN and PTA. Similarly, previous studies showed that the SCN and IGL share inputs from single RGCs (Pickard, 1985) . We propose that melanopsincontaining RGCs and their brain targets constitute a retinal irradiance system that functions independently of the pattern vision system and may drive or contribute to a variety of light-induced responses, including photic circadian entrainment, melatonin suppression, negative masking, the pupillary light reflex, and the regulation of sleep-wake states.
Technical considerations
A potential pitfall of injecting retrograde tracer into a small brain region is that the tracer diffuses locally to adjacent structures. This problem was of particular concern because most of our injection targets border other retinorecipient areas. For example, the SCN and vSPZ border each other, the SCN and VLPO border the optic chiasm, the OPT borders other pretectal nuclei and the brachium of the SC, and the IGL borders the DLG and VLG. In particular, the size and shape of the OPT and IGL are such that the injected tracer invariably labels part of the nearby retinorecipient brain areas. Therefore, the population of retrogradely labeled RGCs includes ef- ferents that project to the target injection site as well as some RGCs that innervate adjacent structures. We found that injections that included the OPT and IGL resulted in retrogradely labeled RGCs that contained melanopsin transcript, but control injections into the DLG and SC did not result in double-labeled RGCs. Hence, the double-labeled neurons clearly project to the PTA and IGL, but we cannot be sure what percentage of the singly retrogradely labeled RGCs target these structures.
Although the percentage of colocalization of the retrograde tracer and melanopsin mRNA was consistent and reproducible using our methods, our calculations likely underestimate the actual percentage of colocalization resulting from technical factors that limit the efficiency of the combined labels. Performing immunocytochemistry for the retrograde tracer decreased the signal for melanopsin transcript and, therefore, the number of discernable melanopsin mRNA-positive RGCs compared with tissue that was used only for in situ hybridization (ϳ15% reduction). However, performing immunocytochemistry for FG allowed us to identify retrogradely labeled cells that otherwise would have gone undetected because of light labeling.
Potential redundancy of phototransduction in irradiance-dependent pathways
Our data indicate that melanopsin is expressed in RGCs that contribute to a wide range of pathways that mediate irradiancedependent responses. In intact animals, the melanopsincontaining RGCs may be dominated by inputs from rods and cones. For example, in dark-and light-adapted rats, the action spectrum for visually responsive SCN neurons conforms to the sensitivity of rhodopsin and cone opsins, respectively (Aggelopoulos and Meissl, 2000) . However, in animals that are deficient in rods and cones, the action spectrum for phase resetting and the pupillary light reflex shifts to shorter wavelengths consistent with the action spectrum for melanopsin-containing RGCs (Yoshimura and Ebihara, 1996; Lucas et al., 2001; Berson et al., 2002) . Recent studies in Opn4 null mice show that melanopsin is required for normal light-induced circadian phase shifts and pupillary constriction in response to bright light (Panda et al., 2002; Ruby et al., 2002; Lucas et al., 2003) . However, Opn4
Ϫ/Ϫ animals still show photic entrainment and a normal pupillary light reflex under low to moderate light, indicating redundancy of phototransduction in these irradiance-dependent responses.
Although melanopsin is a primary candidate for mediating irradiance-dependent responses in animals that lack rods and cones, it is possible that other photopigments may also contribute to this pathway. Cryptochomes 1 and 2 are also expressed in the mammalian inner retina (Miyamoto and Sancar, 1998) , and retinal degenerate (rd/rd) mice lacking cryptochromes exhibit reduced pupillary light responses (Van Gelder et al., 2003) . However, there is not yet evidence that the cryptochromes form functional photopigments in the mammalian retina, nor is it known whether they are found in RGCs that contribute to the irradiance-dependent pathways.
The role for melanopsin in novel projections to the vSPZ and VLPO We have characterized novel projections of melanopsincontaining RGCs to the vSPZ and VLPO in the anterior hypothalamus. Ablation of the retinorecipient vSPZ specifically reduces the circadian rhythms of sleep and locomotor activity, whereas lesions in the dorsal SPZ primarily reduce the core body temperature rhythm . The direct projection of melanopsin-containing RGCs to the vSPZ could therefore modify (or mask) photic circadian entrainment of sleep and locomotor activity rhythms by acting downstream of the circadian oscillator.
A nonclassical photopigment has also been implicated in light-induced suppression of locomotor activity in rodents, termed negative masking. This behavior persists in rd/rd, rodless and coneless (rdta/cl ), SCN-lesioned, Cry1 Ϫ/Ϫ /Cry2 Ϫ/Ϫ , and Opn4 Ϫ/Ϫ animals, suggesting that negative masking may be mediated by redundant phototransduction pathways (Mrosovsky, 1994 (Mrosovsky, , 2001 Mrosovky et al., 1999 Mrosovky et al., , 2001 Redlin and Mrosovsky, 1999; Panda et al., 2002) . The majority of RGCs that project to the vSPZ express melanopsin and may contribute to negative masking directly via this pathway (Kramer et al., 2001) .
Melanopsin transcript is contained in the majority of RGCs that project to the VLPO. The VLPO neurons contain the inhibitory neurotransmitters galanin and GABA and are thought to inhibit the ascending arousal system, thereby producing sleep (Sherin et al., 1996 (Sherin et al., , 1998 Lu et al., 2000 Lu et al., , 2002 . Few studies have addressed circadian-independent direct effects of light on the regulation of sleep. However, in albino rats that sleep during the light cycle, an acute exposure to light suppresses rapid eye movement sleep (Fishman and Roffwarg, 1972; Benca et al., 1996 Benca et al., , 1998 , which may account for the tendency of most animals to close their eyes while sleeping. Although the retinal projection to the VLPO is relatively sparse, axon terminals are found among Fos-immunoreactive neurons in sleeping animals, and retinal terminal boutons form appositions with galanin-immunoreactive cell bodies and proximal dendrites (Lu et al., 1999) . Thus, this pathway provides a substrate by which melanopsin-containing RGCs may play a direct role in the modulation of sleep-wake states.
The role for melanopsin in projections to the SCN, IGL, and PTA Melanopsin is found in the majority of RGCs that project to the SCN, the site of the master circadian pacemaker in mammals (Gooley et al., 2001; Hannibal et al., 2002) . These melanopsincontaining RGCs are intrinsically photosensitive and may function as photoreceptors for circadian entrainment Hattar et al., 2002) . A definitive role for melanopsin in the circadian phototransduction pathway has recently been demonstrated in Opn4 Ϫ/Ϫ mice (Panda et al., 2002; Ruby et al., 2002) . Light-induced phase shifts are attenuated in Opn4 null animals, indicating that melanopsin is required for normal circadian entrainment. The projection of melanopsin-containing RGCs to the IGL also suggests a role for melanopsin in the regulation of circadian rhythms. Although the IGL itself is not required for photic circadian entrainment, the IGL conveys both photic and nonphotic information to the circadian clock via the geniculohypothalamic tract (for review, see Morin, 1994; Mrosovsky, 1996; Harrington, 1997; Hastings et al., 1997) . Thus, in addition to its putative role in circadian phase shifting, the IGL has been implicated in the regulation of circadian period, phase angle, and integration of photoperiodic information.
Melanopsin has recently been shown to contribute to the afferent limb of the pupillary light reflex (Lucas et al., 2003) . In Opn4 null mice, the pupillary light reflex is diminished in response to bright light. In rats, the firing rate of neurons in the OPT increases as luminance is increased, and unilateral lesions of the OPT greatly reduce both the direct and consensual pupillary light reflexes (Clarke and Ikeda, 1985; Young and Lund, 1994) . The OPT projects to the Edinger-Westphal nucleus, which sends efferents to the ciliary ganglion (Klooster et al., 1995) . The parasympathetic postganglionic neurons innervate the iris sphincter muscle, resulting in pupillomotor constriction. The projection of melanopsin-containing RGCs to the OPT is consistent with melanopsin being able to drive the pupillary light reflex in the absence of input from classical photoreceptors .
Axonal projections of melanopsin-containing RGCs are highly collateralized
We have demonstrated that Ն65-75% of RGCs that express melanopsin project to each of the contralateral and ipsilateral SCN as well as to the contralateral PTA, and nearly 20% project to the ipsilateral IGL. It is therefore likely that most axonal projections of melanopsin-containing RGCs are highly collateralized. Previous studies have shown that a subset of RGCs sends bifurcating axons to the SCN and IGL (Pickard, 1985) . We have shown that ϳ20% of melanopsin-containing RGCs project to both the 
